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ABSTRACT

Diel vertical migration (DVM) can offer motile phytoplankton a competitive advantage over other
phytoplankton species. DVM has been well documented in the harmful dinoflagellate, Karenia
brevis; however, the extent to which changes in nutrient regimes and density stratification
modify migration patterns has not been thoroughly investigated. A 2 m experimental column
was constructed with sensors and sampling ports at four depths to obtain fluorescence and
temperature measurements and discrete water samples. The environmental parameters of the
experimental column represented temperature and nutrient conditions found on the West
Florida Shelf (WFS), where Karenia blooms frequently occur. Results demonstrated a clear
DVM pattern for K. brevis where surface aggregations occurred during light periods, and bottom
aggregations occurred in dark periods. However, the rate and intensity of migration varied
between experimental conditions. Injections of nutrient replete water at the surface and bottom
did not appear to modify migratory behavior, in that a portion of the population resided at depth
regardless of light or dark periods. Weak density stratification caused a delay in downward
migration in dark periods, whereas strong density stratification caused a complete cessation of
downward migration. In a weakly stratified environment with a bottom injected replete water
mass, DVM patterns most closely replicate the pattern under weakly stratified conditions alone.
Modifications in the natural DVM pattern of K. brevis with respect to varying environmental and
nutrient conditions that occur on the WFS can have major implications current forecast model
predictions, and for monitoring and mitigation strategies.
Key Words: DVM, harmful algae, West Florida Shelf, experimental column
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INTRODUCTION
Mobility in phytoplankton offers an advantageous survival strategy by which cells may
optimize their access to nutrients and light for photosynthesis (Heaney & Eppley 1981, Blasco
1978, Figueroa et al. 1998), travel into and out of currents (Hetland et al. 2002, Stumpf et al.
2008, Ruiz-de la Torre et al. 2013), and achieve predator avoidance (Bollens et al. 2012, Tilney
et al. 2015). Many classes of marine phytoplankton are motile, enabling individuals to adjust
their position in the water column (Cox 1980) via active swimming or passive sinking (Heaney &
Eppley 1981, Kamykowski et al. 1992, Franks 1997), and cells also may be passively
transported via currents, internal waves, and upwelling (Walsh et al. 2003, Stumpf et al. 2008,
Ruiz-de la Torre et al. 2013). In addition, various marine and freshwater species of
phytoplankton undergo active migration where a clear and cyclical diel vertical pattern of
movement is observed (Eppley & Harrison 1975, Heaney & Eppley 1981, Kamykowski 1981). In
most examples of migration, mobility is not a random process, but rather a deliberate movement
in a specific direction, whether towards the surface or depth, or in the horizontal direction
(Figueroa et al. 1998).
Diel vertical migration (DVM) behavior has been well documented in many
phytoplankton species (Eppley et al. 1968). However, the driving force(s) responsible for this
migration remain an area of active debate. The general pattern of DVM in phytoplankton
consists of movement to shallower depths during the day, when irradiance is at its maximum,
and migration to deeper waters at night (Ruiz-de la Torre et al. 2013). Near-surface nutrient
depletion, thermal stratification, and variable surface irradiance intensities may modulate DVM
patterns of planktonic dinoflagellates (Heaney & Eppley 1981). Extensive evidence has shown
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DVM behavior in the harmful dinoflagellate, Karenia brevis (Heil 1986, Kamykowski et al. 1998,
Stump et al. 2008, Sinclair & Kamykowski 2008, Schaeffer et al. 2009, Heil et al. 2014a, Waters
et al. 2015). Karenia forms large blooms almost annually along the southwest coastal region of
Florida, which have the potential to cause extensive mortality events across many taxa including
fish, birds and marine mammals, and cause significant health impact to humans through
respiratory irritation and neurotoxic shellfish poisoning (Steidinger et al. 1981, Tester &
Steidinger 1997). The debate concerning DVM in K. brevis currently centers on to what extent
environmental conditions, such as irradiance, nutrients, and physical stratification, all of which
may vary with depth, alter the natural tendencies and behavior of this organism.
Laboratory experiments show that DVM patterns for different phytoplankton species
occur independently of light direction and intensity (Roenneberg et al. 1989). Cessation of
upward migration in some species occurs prior to changes in the light:dark phase, suggesting
DVM may be circadian and independent of light levels (Eppley et al. 1968, MacIntyre et al.
1997). Although migration patterns of dinoflagellates have been documented, the mechanism(s)
controlling the observed accumulation of cells at different depths remain unknown for many
species. Dinoflagellates tend to aggregate at specific depths during daylight hours, which may
or may not be the surface, and may simply disperse in the dark hours (Blasco 1978, Van Dolah
et al. 2008). Cell accumulation at depth has been proposed to be a result of either randomized
swimming, a ‘settling out’ effect (passive sinking), or a positive geotactic response (Heil 1986,
Roenneberg et al. 1989, Kamykowski et al. 1992, Figueroa et al. 1998, Hall et al. 2015, Tilney et
al. 2015). DVM in dinoflagellates also may be a predator avoidance strategy, since the timing
and location of phytoplankton DVM is out of phase with the DVM of many of its predators (Ruizde la Torre 2013, Harvey & Menden-Duer, 2012).
Randomized dispersion in the water column does not account for observations of sharp
and defined increases in cell accumulation at depth (Figueroa et al. 1998). Downward migration
2

rates of three dinoflagellate species, Tripos (=Ceratium), Lingulodinium, and Heterocapsa spp,
were observed to be 1 – 2 m-h-1, which are approximately 20 times greater than that expected
based only on the sinking velocity of cells of corresponding sizes (Eppley et al. 1968).
Kamykowski et al. (1992) also demonstrated that organisms of various surface area to volume
ratios may have ascent rates that are only equivalent to 75% to 93% of their descent rates,
which implies descent is a summation of a sinking rates and swimming behavior. The cessation
of phototactic upward migration, with either random swimming and/or dispersion superimposed
on calculated sinking velocities, does not account for the observed downward velocities and
rates of accumulation at depth (Eppley et al. 1968). Thus, these observations are likely
evidence of a positive geotactic response and deliberate downward migration.
A potential explanation for deliberate downward migration by dinoflagellates to depth is
to enhance access to nutrients (Kamykowski et al. 1998, Schaeffer et al. 2009). In oligotrophic
marine environments, nutrient concentrations, particularly nitrogen (N) and phosphorus (P),
increase with depth. Therefore, the proximal cause for migration to depth could be the benefit of
cells to exploit a nutrient pool that is otherwise underutilized or unavailable to other
phytoplankton that remain in shallower waters. The combination of DVM and the ability to
assimilate nitrogenous nutrients in the dark appear to offer a competitive advantage to motile
species over non-motile phytoplankton species (Heaney & Eppley 1981). Experiments suggest
that depletion of dissolved inorganic nutrients at the surface corresponds not only to a
downward migration, but also to an earlier onset of migration (Heaney & Eppley 1981).
Downward migration in Alexandrium tamerense is coupled to N concentrations and only
occurred with inorganic N-depletion at the surface (MacIntyre et al. 1997). Similarly, DVM
intensity was reduced in Akashiwo sanguinea (= G. splendens) when nutrients were available at
the surface (Cullen & Horrigan 1981).
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In shallow environments, relatively small differences in nutrient concentrations between
surface and bottom waters may not create a significant nutrient gradient. Yet the sedimentwater interface could provide a bioavailable deep nutrient source. Karenia brevis has been
observed not only to migrate to the sediment-water interface, but also to penetrate sediments to
exploit an otherwise unattainable nutrient source (Sinclair & Kamykowski 2008). It is estimated
that dissolved nutrient sediment fluxes (including ammonium) have been under-quantified and
could serve as a major nutrient source for marine phytoplankton (Dixon et al. 2014b), potentially
providing 30% – 80% of the total N requirements (Sinclair & Kamykowski 2008). This source
could be important if an established population is able to migrate to depth to the nutrientenriched water-sediment interface and pore waters during dark hours. Alternatively, nutrients
derived from the decay of fish killed by a K. brevis bloom could serve as a surface nutrient
source (Killberg-Thoreson et al. 2014a). The nutrients associated with fish decay, including
ammonium, have been reported to surpass the calculated N and P requirements for an
established bloom (Walsh et al. 2006, Killberg-Thoreson et al. 2014a).
Density-driven stratification in the water column, often created by a temperature and/or
salinity gradient, may affect the distribution and movement of phytoplankton and, therefore,
modify the DVM of dinoflagellates (Bearon et al. 2006b). Historically, field observations of
dinoflagellate cell densities at depth within the water column were believed to indicate the
maximum distance individual cells of a species could swim in a diel cycle (Blasco 1978).
However, accumulation of cells at thermoclines provides evidence that density gradients may
act as a barrier to vertical migration and may be a crucial process governing the temporal and
vertical distribution of these dinoflagellates (Heaney & Eppley 1981). Aggregations of Tripos
spp. showed that downward migration was appreciably reduced at seawater temperatures
below 20°C, which was most likely associated with a decline in swimming speeds and gave rise
to a vertical maximum of cells in the thermocline region during darkness (Heaney & Eppley
1981). In Tripos spp. culture column experiments, cells penetrated well below the thermocline
4

into cooler waters (<16° C) at night, but cell swimming velocities were markedly slower during
the subsequent daytime ascent, resulting in a deep population maximum in the following light
and dark hours (Heaney & Eppley 1981). Swimming speeds and rates of migration were also
slowed in Heterocapsa spp. when subjected to cooler temperatures (Kamykowski & Zentara
1977); thus, cooler temperatures also may cause a reduction in cell swimming speed. DVM in
Tetraselmis sp. was also markedly slower when the organism encountered an area of increased
stability driven by a halocline due to the buoyancy forces acting upon the cell (Erga et al. 2003).
The West Florida Shelf (WFS) is an oligotrophic ecosystem (Heil et al. 2001, Vargo et al.
2008, Dixon et al. 2014a), where cool nutrient-enriched waters (N & P) often intrude across the
shelf at depth (Walsh et al. 2003, Weisberg et al. 2009). Blooms of the toxic dinoflagellate, K.
brevis, occur almost annually in this region and have considerable impacts on both human and
environmental health (Steidinger et al. 1998, Heil & Steidinger 2009). Karenia spp. blooms
appear to arise from a complex set of ecological factors on various scales (Vargo et al. 2008,
Heil et al. 2014b). The inner shelf, where K. brevis blooms frequently occur, is relatively shallow
(10 – 30 m), with seasonally-driven stratified conditions in which the surface and bottom Ekman
layers are separate and stable (He & Weisberg 2002, Liu & Weisberg 2012). DVM has been
well-documented in K. brevis as possibly offering a competitive advantage by increasing
exposure to favorable nutrient and light regimes (Heil 1986, Kamykowski et al. 1998, Van Dolah
& Leighfield 1999, Waters et al. 2015).
Models have predicted that K. brevis could migrate from the surface to up to 30 m depth
in one diel cycle (12 h) (Sinclair & Kamykowsi 2006), which could potentially give the population
access to nutrient pools, such as nutrient-rich water upwelled onto the shelf and nutrient-rich
Mississippi River plume water advected downstream onto the WFS system in summer (Stumpf
et al. 2008, Weisberg et al. 2014). In model experiments, dinoflagellates that employ
metabolism-influenced regulation of swimming, and ultimately DVM, exhibit higher primary
5

production rates than those that do not migrate (Kamykowski & Yamazaki 1997). The
combination of DVM and onshore advection of nutrient-rich water at depth could aid in bloom
maintenance by increasing the time that cells persist in nutrient-replete pools (Ruiz-de la Torre
et al. 2013, Weisberg et al. 2014).
Blooms of K. brevis initiate in oligotrophic water typically 18 – 74 km W of southwest
Florida, most frequently in the later summer and early fall (Tester & Steidinger 1997). Transport
of K. brevis blooms from oligotrophic mid-shelf waters towards shore is driven by winds and tidal
currents (Steidinger & Haddad 1981, Vargo et al. 2008, Weisberg et al. 2014). According to the
‘frog tongue mechanism’, phytoplankton may be transported shoreward through migration into
and out of shoreward advecting water masses, where eventually entrainment occurs (Hetland et
al. 2002). In this scenario, K. brevis vertical migration is obligatory for the mechanism, which
couples the behavior of the organism (i.e. migratory behavior) and the physical environment (i.e.
water mass advection) into bloom movement and maintenance.
Karenia brevis also has been observed in the field to establish highly concentrated
aggregations in the 0 - 5 cm surface layer, which can significantly influence the surrounding
bacterial and algal community structure. These concentrations result in increased biological
activity at the surface, through processes including nutrient cycling and the microbial loop (Heil
at al. 2014a). Nutrient recycling by surface communities was estimated to satisfy K. brevis
nutrient demands, and eliminate the need for downward migration. Therefore, these authors
suggested that any increase in K. brevis concentration at depth in the dark may only be the
result of randomized swimming and not geotaxis. Indeed, results of controlled column
experiments showed that K. brevis cells were evenly dispersed throughout the entire column
during dark hours, and they did not exhibit a directed downward migration (Kamykowski et al.,
1998). Previous laboratory column work using K. brevis conducted by Heil (1986) described
DVM behavior under thermocline conditions, although not with respect to varying nutrient and
6

multiple physical environments, where observations indicated that K. brevis was unable to
migrate through a 3° C thermocline. These cumulative observations of Karenia vertical
distributions in the field and in laboratory experiments suggest that DVM behavior is obligatory.
Although DVM behavior has been well documented, the degree to which nutrient gradients and
the strength of stratification in the physical environment influences the natural migratory
behavior of K. brevis is not well understood.
The goal of this study was to develop a better understanding of K. brevis DVM behavior.
Here, I report the results of column experiments to investigate the diel migratory behavior
patterns of K. brevis under (1) unstratified conditions, (2) varying nutrient gradients, (3) weak
and strong stratification, driven by changes in temperature, and (4) an interaction effect
between stratification and nutrients. Since coastal Ekman dynamics control the direction and
velocity of water masses within the WFS layered system (Weisberg et al. 2001, Weisberg et al.
2009), the vertical position of cells in space and time will influence both the vertical and
horizontal advection of blooms within coastal waters. Quantifying DVM behavior of K. brevis will
allow improved model simulations of the timing and magnitude of blooms of this toxic
dinoflagellate, which will help better predict the extent of environmental and economic impacts
of these persistent blooms in the southwest Florida region.
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METHODS
Approach and Column Design
Diel vertical migration behavior of Karenia brevis was investigated using an established
non-axenic culture (isolate FWCC126) from the Florida Fish and Wildlife Conservation
Commission Culture Collection, isolated from Stump Pass, Florida in 2006. For the following
experiments, K. brevis cultures were maintained in log phase growth in modified general
purpose (GP) growth media (Loeblich 1975), using autoclaved natural seawater (NSW) (36 ‰),
at 24.5° C and at ~100 µE m-2 s-1 of “cool white” illumination under a 12:12 light:dark cycle.
Replicate (two repeated trials) experiments were conducted using a 2 m column (Fig. 1) under
controlled conditions to investigate changes in the DVM behavior of K. brevis under (1) baseline
(unstratified, no nutrients additions), (2) different nutrient regimes, (3) varying density
stratification, and (4) the interaction of stratification and nutrient conditions.
The experimental column was constructed from a 2.0 x 0.152 m translucent polyvinyl
chloride (PVC) cylinder, with a PVC cap fixed to the bottom with silicon sealant. After
construction, the column was triple washed with 10% HCl and rinsed with de-ionized water to
remove post-manufacture residues. All experiments were conducted in a temperature- and
humidity-controlled walk-in incubator (Tafco Inc.). Illumination was provided by a 250 W fullspectrum compact fluorescent bulb (CFL) (LongStar FE-US-55W, 3500 lumens/5000k)
positioned 19 cm above the air/water interface on a 12:12 L:D cycle. To minimize the amount of
light reflecting down the walls of the column and reaching the bottom, the entire column was
wrapped in thin (1 cm) black cloth, and reflective insulation to eliminate variable ambient light
from the surrounding room (Fig. 1). The insulation was essential to maintain temperature
8

control. Light measurements were made with a submersible 2π photosynthetically active
radiation sensor. Light attenuated quickly from the surface with light levels at

Figure 1. The 2.0 m experimental column showing the placement of fluorometric and temperature
sensors, and discrete sampling ports at three of the experimental depths. The silicon tubing wrapped over
the lower half of the column (left) was connected to a chiller unit and used to create a thermal gradient
between the upper and lower layer. The entire column was wrapped in a 1 cm black cloth and reflective
insulation (right) to maintain proper light and temperature conditions for the experiments.
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mid-depth (0.90 m) and bottom (1.8 m) equal to 11% (14.39 µE m-2s-2) and 3% (4.92 µE m-2s-2)
of the surface irradiance (140.59 µE m-2s-2), respectively (Fig. 2).
Stratification of the column was achieved by creating a temperature gradient. Silicon
tubing was wrapped around the lower ½ of the column between the blackout material and the
reflective insulation, and was connected to a recirculating compact thermos-chiller (VWR 13270120). Recirculated water was chilled to create water of a specified temperature within the
bottom 90 cm of the column. Temperature differences from the upper and lower water layers
created a thermocline that spanned 10 cm at mid-column. Water above and below the
thermocline was uniformly stable during the experiments.

Figure 2. Light profile for the experimental column expressed as µE m-2 s-2. Black dots represent
experimental depths at z1 (0.0 m), z2 (0.8 m), z3 (1.0 m) and z4 (1.8 m).
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Fluorescence, temperature, and nutrient concentrations were monitored at four depths in
the column: 0 m (z1), 0.85 m (z2), 0.95 m (z3), and 1.8 m (z4). At each sampling depth, a
Cyclops 7 submersible fluorometer (Turner Designs), Campbell 107 L thermistor (Campbell
Scientific), and a 1 mL polycarbonate pipette were fixed through the side of the column so that
each extended ~5 cm into the column. Each instrument was oriented horizontally to decrease
interference between the sensors (Fig. 1). Discrete water samples for dissolved ammonium
(NH4+), particulate organic nitrogen (PON), and extracted chlorophyll a analyses were collected
simultaneously through the pipette at scheduled times, whereas fluorometry and temperature
sensor data were recorded continuously at 5 sec intervals at the four experimental depths
throughout the experiments.
For all experiments, the column was initially filled with 31 – 32 L of autoclaved, nutrientdeplete oligotrophic NSW (1.00 ± 0.69 µM NH4+, 0.83 ± 0.03 µM PO4) collected ~145 km west of
St. Petersburg, FL, USA, and allowed to become quiescent and thermally equilibrate with
ambient temperatures for 24 h. For the density experiments, the chilled tubing decreased the
temperature of the lower half of the column to the desired and stable temperature over a 24 h
period. Evaporation during the experiments was minimal due to the limited surface area of the
column and the low heat output from the CFL light. Therefore, salinity throughout the column
was assumed to be stable and constant at 35. Density calculations during the equilibration
period immediately after filling the column showed that 24 h was sufficient time for the water to
stabilize prior to inoculation.
Cell concentrations of the K. brevis inoculum for each experiment were measured using
a Z2 particle counter (Beckman Coulter Counter) and averaged 16,424 ± 3,552 cells mL-1.
Dissolved ammonium concentrations of the inoculum were, on average, 1.24 ± 0.48 µM NH4+.
For all experiments, the K. brevis inoculum was gently added to the column at the surface. This
inoculum was allowed to equilibrate for an additional 24 hrs prior to initiating experiments to
11

minimize observations of behavior resulting from the inoculation process rather than the natural
behavior under the experimental conditions.

Instrument Calibrations
Prior to installing the sensors on the column, the four fluorometers were calibrated by
plotting the instrument output as millivolts (mV) in relation to measured K. brevis cells mL-1 using
a serial dilution of an established K. brevis culture (FWCC126). The slopes for all instrument
calibrations were linear and r2 values ranged from 0.954 to 0.997. The four thermistors were
calibrated within 0.01° C using a digital thermometer. Temperature varied ± 0.040° C between
instruments during a 24 h period. Both fluorometer and thermistor output at each depth were
recorded by a CR1000 data logger (Campbell Scientific).
To quantify the rate of diffusion of a dye solution added to the column, the fluorometers
were suspended vertically in 2 cm intervals from the surface. Measurements were made at 0.0,
2.0, 4.0, and 6.0 cm in the column. A small volume (200 mL) of concentrated rhodamine dye
was slowly injected by syringe at the surface and fluorescence was recorded over a 48 h period.
Increases in fluorescence at all depths were minimal and therefore showed little to no diffusion
of the added solution to depth.
To determine the variability of fluorescence per cell over time, subsamples of a K. brevis
culture were diluted in four containers with filtered NSW (100%, 75%, 50%, 25%), and cell
enumeration and fluorescence were measured over a 24 h period in each container. Results
showed a linear relationship between enumerated cell counts and the measured fluorescence
from each fluorescence instrument. The relative florescence (RFU) per cell fluctuated slightly
over the time period from 0.1 to 0.12 RFU, For the purpose of this study, however, the slight
change in the fluorescence per cell over a 24 h period was negligible.
12

Column experiments were run in replicate for each experimental condition. All replicate
experiments were completed within one to two months.

Baseline Experiments
Prior to the experiments in which the environmental condition was altered, natural DVM
behavior of K. brevis cells was observed for 48 h in a physically and chemically (1.00 ± 0.69 µM
NH4+) unstratified uniform column in replicate, which served as a baseline. The temperature
and density characteristics for the four depths of the column are shown in Table 1
(‘unstratified’).

Density Experiments
Experiments were conducted in replicate to investigate the migratory behavior of K.
brevis under the following density conditions in the water column: (1) weakly stratified (chilled
deep water, ~1.5° C difference between surface and bottom waters); (2) strongly stratified
(chilled deep water, ~3.7° C difference between surface and bottom waters).
To achieve stratification, recirculated chilled water was pumped through the tubing
wrapped around the bottom half of the column. Temperatures and calculated densities varied at
each depth (Table 1). The transition from warm upper water, and chilled water at depth occurred
between 0.85 and 0.95 m in depth.
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Nutrient Experiments
Experiments were conducted in replicate to investigate the migratory behavior of K.
brevis under the following nutrient regimes: (1) surface replete conditions (nutrient replete water
injected at surface) and (2) bottom replete conditions (nutrient replete water injected at depth).
Temperature (° C) and density (σT) characteristics were uniform for Surface Replete (24.2° C,
23.6) and Bottom Replete (23.9° C, 23.7) experiments, with values similar to that in the
unstratified control experiments. Subcultures of K. brevis were transferred into N-limited GP
growth media (GP media without nitrogenous compounds) for four days prior to inoculation to
deplete the culture of nitrogen. Nutrient replete water was made from an ammonium stock
solution of 3.57 mM NH4+. The stock solution was diluted with sterile oligotrophic water, identical
to the stock NSW water, resulting in an average final concentration of 7.17 ± 0.56 µM NH4+.
Nutrient replete water was slowly injected at a rate of ~75 mL-min-1 into the column. The nutrient
injection was either chilled (19.5° C) for bottom injections, or warmed (28° C) for surface
injections to minimize turbulent mixing during the injection. The calculated Reynold’s number
(Re) for injected water in both replete conditions was low (40.7); therefore, the injections were
minimally-turbulent (Leonard & Luther 1995) and mixing from the injection process was
minimized.

Density-Nutrient Interaction Experiments
Experiments were conducted in replicate to investigate the migratory behavior of K.
brevis under a weakly stratified water column (~1.5° C), along with nutrient replete water (5.5
µM NH4+) injected at the bottom. Temperatures and calculated densities varied at each depth
(Table 1).
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Sample Collection and Analyses
Samples for extracted chlorophyll a and PON analysis were collected from the K. brevis
inoculum prior to inoculation, and at the surface (z1) and bottom (z4) depths of the column at 48
h after injection. Samples for dissolved NH4+ were collected from the K. brevis inoculum, deplete
and replete water prior to inoculation, and at each of the four column depths at 0 h, 24 h, and 48
h after injection. Chlorophyll a samples were filtered onto a Whatmann GF/F filter (0.7 µm),
extracted in methanol, and measured on a Turner AU10 (Turner Designs) fluorometer using the
Holm-Hansen method for extracted chlorophyll a (Holm-Hansen et al. 1965). PON samples
were filtered onto pre-combusted (250° C for 2.5 h) 25 mm Whatman GF/F filters, freeze dried
(Labconco, FreeZone 6) for 24 h, and packaged in tin capsules. Bulk N was measured on a
Carlo-Erba 2500 Series-II Elemental Analyzer and calibrated with NIST 8573 and NIST 8574
CRMs. Dissolved ammonium (NH4+) samples were analyzed on a Lachat QuikChem 8500 flowinjected autoanalyzer (Hach method 31-107-06-1-B, Hach Company). Karenia brevis cell
concentrations were converted from fluorescence to cell concentration values (cells L-1) using
data from the serial dilution series. Electrical noise associated with the fluorometers and
Campbell controller was minimized by passing the time-series data for each depth through a
Gaussian filter with a roll off factor of 1.0 (SciLab, SciLab Enterprises). Calculated fluorometic
values reported as cells L-1 were verified every 12 h in early experiments by counting cells
through microscopic enumeration, and via the Z2 Beckman Coulter particle counter. Data for all
experiments are available by request to the author (matt.garrett@myfwc.com).
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Statistical Analyses
Dissolved NH4+, temperature, PON, and extracted chlorophyll a values are reported as
means  1 standard deviation from the two replicate experiments. The statistical difference
between values at different depths and time periods were tested with a students paired t-test
using SigmaPlot Software v 12.5 (Systat Software Inc). Statistical difference were evaluated
using a 5% significance level, with a sample size of n = 4 for all tests.
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RESULTS
Karenia brevis demonstrated a DVM pattern under all experimental conditions. Although
there was considerable variability, overall patterns were similar between replicates. Figure 3
shows the variability in intensity and timing of peaks and troughs between replicates for the
unstratified control and the weakly stratified experiments. For the other experiments, only a
single representative result is shown in Figure 4 to illustrate the diel patterns of cell
concentrations at different depths over time. Previous field and laboratory studies have shown
that DVM in phytoplankton may be independent of the transition in light:dark phase (Eppley et
al. 1968, Heaney & Eppley 1981, Roenneberg et al. 1989) and may be a circadian rhythm
(MacIntyre et al. 1997, Tilney et al. 2015). However, in this study the transition from light to dark
periods and vice versa was immediate and not gradual as it would be in the field. Therefore,
seven time periods of four hrs in length were selected based on the timing when > 80% of the
cells changed at the four depths during the Unstratified (baseline) results. Time periods for the
following experiments were defined as the first light phase (L1; 4 – 8 h), first transition phase
(T1; 10 – 14 h), first dark phase (D1; 16 – 20 h), second transition phase (T2; 22 – 26 h),
second light phase (L2; 28 – 32 h), third transition phase (T3; 34 – 38 h), and second dark
phase (D2; 40 – 44) (Fig. 4).

Unstratified Conditions
No water was added to the column after inoculation; therefore, the NH4+ concentrations
at all depths were assumed to be initially uniform (1.00 ± 0.69 µM NH4+). Temperatures from z1
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Figure 3. Representative Karenia brevis cell concentration express as cells mL-1 at z1 (0.0 m, solid gray),
z2 (0.85 m, dotted gray), z3 (0.95 m, dotted black) and z4 (1.8 m, solid black) for replicate experiments
under (A) Unstratified and (B) Weakly Stratified conditions over a 48 h period. Gray boxes indicate dark
hours.

to z4 were uniform (Table 1). Calculated densities were identical throughout the column, and
Brunt-Väisälä frequency (N2) values were low at all depths (Table 1). Given the static and stable
physical and chemical nature of this experimental condition, the results of this experiment
served as a baseline for comparison with the experimental conditions.
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Table 1. Measured temperature (° C), calculated density (σT), and Brunt-Väisälä frequencies (N2) under
four conditions (Unstratified, Weakly Stratified, Strongly Stratified, Weakly Stratified / Bottom Replete) at
each of the experimental depths, and examples of in situ measurements for these variables at two sites
(EK1009-1, EK1009-1F) on the WFS at four depths (m) collected in October, 2009 as part of the ECOHAB:
Karenia project. Experimental temperature measurements are expressed as means over a 48 h period. N2
frequencies listed are the calculated values for the z1 – z2, z2 – z3, and z3 – z4 depth ranges, respectively.
Unstratified
Depth

°C

σT

z1

24.5 ± 0.5

23.5

z2

24.5 ± 0.4

23.5

z3

24.5 ± 0.3

23.5

z4

24.4 ± 0.2

23.5

Weakly Stratified
°C

σT

23.2 ± 0.2

23.9

0.0E+00

23.1 ± 0.2

23.9

3.9E-04

4.8E-04

21.9 ± 0.4

24.3

1.6E-02

3.6E-04

21.8 ± 0.4

24.3

3.6E-04

N2

Strongly Stratified

Weakly Stratified /Bottom Replete

Depth

°C

σT

z1

24.3 ± 0.6

23.6

z2

23.8 ± 0.2

23.7

1.8E-03

z3

21.2 ± 0.2

24.4

z4

20.6 ± 0.2

24.6

°C

σT

23.5 ± 0.4

23.7

23.0 ± 0.4

23.9

2.4E-03

3.5E-02

21.5 ± 0.8

24.4

2.0E-02

2.0E-03

21.8 ± 0.9

24.3

-9.6E-04

N2

EK1009-01
Depth

°C

σT

0.7

29.8

22.4

34.0

26.9

24.0

37.5

24.3

24.8

40.5

24.3

24.8

N2

N2

EK1009-1F
°C

σT

30.1

22.3

4.7E-04

29.4

23.1

2.3E-04

2.1E-03

25.4

24.5

5.7E-03

3.6E-05

25.4

24.5

-8.6E-05

N2

N2

In the unstratified column, K. brevis cell densities at z1 reached peak concentrations in
the mid-to-late of the first light period (L1) and reached highest densities between 6 and 9 h
(Fig. 4A). During the transition period between light and dark (T1), cell concentrations at z1
decreased until reaching a minimum around mid-dark (D1), consistent with cells migrating down
into the column.
Cell concentrations at mid-depths (z2, z3 were similar to for 48 h and had a pattern
similar to that at z1, but with a slight time lag. Cell concentrations at z4 were highest during the
late dark period (D1), and decreased during the dark to light transition period (T2), reaching a
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Figure 4. Karenia brevis cell concentration express as cells mL-1 at z1 (0.0 m, solid gray),z2 (0.85 m,
dotted gray), z3 (0.95 m, dotted black) and z4 (1.8 m, solid black) under (A) Unstratified, (B) Weakly
Stratified, (C) Strongly Stratified (D) Surface Replete, (E) Bottom Replete, and (F) Weakly Stratified /
Bottom Replete over a 48 h period. Gray boxes indicate dark hours; * over a bar denotes the injection
period.
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minimum at the second light period (L2). A similar 24 h DVM pattern occurred during the
second mid-day period (L2), the transition from light to dark (T3) and the second dark period
(D2). Data from 0 – 4 h was not collected for this experiment due to logging instrument issues.

Weakly Stratified
The mean temperature varied with depth, with a maximum at z1 (23.2 ± 0.2° C) and
minimum at z4 (21.8 ± 0.4° C; Table 1). Density increased with depth, with the greatest change
in density occurring between z2 (σT = 23.9) and z3 (σT = 24.3). Calculated N2 values for the
upper layer (z1 – z2, N2 = 3.9 x10-4) and lower layer (z3 – z4, N2 = 1.6 x10-2) were less than the
transition layer (z2 – z3, N2 = 3.6 x10-4) indicating that stratification occurred between the upper
and lower half of the column between z2 and z3.
Cell densities were greatest at z1 in the mid-to-late light (L1/T1 and L2/T3) periods, and
greatest at z4 during the mid-to-late dark (D1 and D2) periods (Fig. 4D). Densities at z2 and z3
fluctuated more than in the previous experiments, but values generally were lower or
intermediate compared to z1 and z4 densities for much of the 48 h, except for the transition
periods. During T1 and T3, cell densities increased initially at z2, then z3, and z4, indicating
that cells were migrating down from the surface layer (z1) to deeper in the column. Peak
concentrations at z2 and z3 occurred later in the transition period and the beginning of the D1
period, compared to the timing of cell concentrations in the unstratified condition experiment.
During the first night transition period (T1), the increase, peak, and subsequent decrease at z2,
followed by z3, had an approximately 2 h lag, which was repeated in the T3 period. The lag was
also present in the second dark period (T2), but with an increase at z3 followed by z2, indicating
upward migration of cells. Furthermore, peak concentrations at z1 during the L1 period occurred
later into the light period (Fig. 4D).
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Strongly Stratified
Mean temperatures varied between depths, with a maximum value at z1 (24.3 ± 0.6° C),
decreasing to a minimum at z4 (20.6 ± 0.2° C; Table 1). Density increased with depth, with the
greatest change in density occurring between z2 (σT = 23.7) and z3 (σT = 24.4). N2 values for the
upper layer (z1 – z2, N2 = 1.8 x10-3) and lower layer (z3 – z4, N2 = 3.5 x10-2) were less than the
transition layer (z2 – z3, N2 = 2.0 x10-3), indicating that a strong stratification occurred between
the upper and lower half of the column between z2 and z3.
A peak in cell densities occurred at z1 during both light periods (L1, L2), with a second
peak during the transition to dark (T1, T3) period (Fig. 4E). The observed dual maximum pattern
was most likely a result of the sensor location with respect to the vertical migration pattern. The
first peak may have occurred as cells passed by the sensor during the accent in the L1 period.
The second observed peak was likely caused as cells descended in the T1 period. Z1 densities
then decreased during D1 and D2. Concentrations at z2 and z3 were close to zero for L1, T1,
L2, and T3. During D1 and D2, as cell densities at z1 declined, cell abundance increased first
at z2 and then z3, with a 4 h lag, indicating that cells were migrating downward from z1 during
the dark periods. Densities at z4 were low during all time periods (Fig. 4E).

Surface Replete
The results of the surface replete experiments showed that NH4+ concentrations
immediately after injection were greatest at the depth of injection (z1: 4.75 µM NH4+), with
concentrations ranging from 1.41 µM to 0.82 µM for depths z2-z4 (Fig. 5A). Concentrations at
z1 decreased dramatically after 24 h (0.72 µM) and were similar to values observed at the other
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depths (0.63 – 0.86 µM). Ammonium concentrations were uniformly low at 48 h at all depths,
and ranged from 0.96 µM to 0.24 µM. Cell densities were similar at all depths during the L1

Figure 5. Average dissolved ammonium (NH4+) concentrations at z1 (0.0 m, white), z2 (0.85 m, lite gray),
z3 (0.95 m, dark gray), and z4 (1.8 m, black) under (A) Surface Replete, (B) Bottom Replete, and
(C) Weakly Stratified / Bottom Replete conditions over a 48 h period. Errors are expressed as standard
deviations.

period and remained fairly constant during the D1 period (Fig. 4B). During the L2 period,
densities increased at z1, suggesting that some proportion of cells migrated into the higher light
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regime, while cell densities at the other depths stayed constant. During D2, densities at z1
decreased to the concentrations found in the previous periods.
After 48 h, mean extracted chlorophyll a concentrations per cell were not significantly
different in the inoculum (16.1 pg chl a cell-1) compared to values in the z1 (10.8 pg chl a cell-1,
p = 0.071) and z4 (15.1 pg chl a cell -1, p = 0.642) cells. Cell concentrations were not
significantly different between cells at z1 compared to z4 (p = 0.051; Fig. 6A). Mean PON was
significantly greater in cells at both z1 (2.79 pM cell-1, p < 0.001) and z4 (2.80 pM cell-1, p
<0.001) after 48 h compared with PON in the initial inoculum (0.21 pM cell-1; Fig. 7A).

Figure 6. Average extracted chlorophyll a
concentrations expressed as pg chlorophyll a cell-1
at t0 (inoculum, white), and at t48 (z1, gray; z4,
black) under (A) Surface Replete, (B) Bottom Replete
and, and (C) Weakly Stratified / Bottom Replete
conditions Errors are expressed as standard
deviations.
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Figure 7. Average particulate organic nitrogen
expressed as pM of N cell-1 at t0 (inoculum,
white), and at t48 (z1, gray; z4, black) under
(A) Surface Replete, (B) Bottom Replete,
(C) Weakly Stratified / Bottom Replete
conditions. Errors are expressed as standard
deviations.

Interestingly, there was no significant difference in PON concentrations between z1 and z4 after
48 h (p = 0.797). Thus, cells incorporated the available nutrients (N), and were evenly
distributed with depth. Temperatures and densities remained uniform throughout the column
during the 48 h period.

Bottom Replete
In the bottom replete experiments, mean NH4+concentrations were greatest immediately
after inoculation at the injection site (z4: 5.49 µM), followed by z3 (2.21 µM), z2 (0.86 µM), and
z1 (0.64 µM) (Fig. 5B). After 24 h, concentrations decreased at z4 and z3, and were similar at
all depths (0.611 µM – 1.11 µM). Concentrations were near the limit of detection at all depths at
48 h (0.00 µM – 0.22 µM). Cell densities reached a maximum at z1 during the mid to late L1
period, and decreased during the T1 period (Fig. 4C). Concentrations at z2 and z3 were lower
than z1 during L1, while z4 was near zero. However, during the T1 and D1 period, densities at
z1, z2, and z3 decreased, while densities increased at z4 to the point where cell concentrations
at all depths were similar. During the L2 period, cell densities were similar between z1, z2, and
z3, while concentrations at z4 declined but did not return to zero as observed during the L1
period.
After 48 h, mean extracted chlorophyll a concentrations per cell were not significantly
different in the initial inoculum (13.5 pg chl a cell -1) compared to values in the z1 (16.0 pg chl a
cell -1, p = 0.483) and z4 (14.9 pg chl a cell -1, p = 0.717) cells, and concentrations were not
significantly different between cells in z1 compared to z4 (p = 0.629; Fig. 6B). In contrast,
average PON concentrations per cell were significantly greater at both z1 (2.42 pM cell-1; p <
0.05) and z4 (3.23 pM cell-1, p < 0.001) after 48 h compared to the initial inoculum (0.21 pM
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cell-1; Fig. 7B). However, there was no significant difference in PON between z1 and z4 (p =
0.161). Temperatures and densities remained uniform throughout the column

Weakly Stratified / Bottom Replete
Temperatures varied from the surface to bottom from 23.5 ± 0.4° C at z1 to 21.8 ± 0.9° C
at z4 (Table 1). The greatest change in density occurred between z2 (σT = 23.9) and z3 (σT =
24.4). N2 values for the upper layer (z1 – z2, N2 = 2.4 x10-3) and lower layer (z3 – z4, N2 = 5.7
x10-2) were less than the transition layer (z2 – z3, N2 = -9.6 x10-4).
Mean ammonium concentrations immediately after inoculation in the bottom were
greatest at z4 (6.02 µM), while concentrations at the remaining depths ranged from 0.75 µM –
1.01 µM (Fig. 5C). In contrast, NH4+ concentrations were similar at all depths after 24 h (0.42
µM – 0.68 µM) and 48 h (0.47 µM – 0.63 µM). Cell concentrations were greatest at z1 during L1
and L2, decreased during T1 and T3, and reached a minimum during D1 and D2 (Fig.4F).
Concentrations in the bottom layer were greatest during D1 and D2 and into T2, and decreased
to near zero during L1 and L2. Concentrations at z2 remained low during L1, but increased
during T1 and reached a peak at D1, before decreasing in T2 before returning to earlier
concentrations. This general pattern was reproduced at z3, but concentrations did not reach the
same level as z2 and occurred after a 2 – 3 h lag. The same pattern was reproduced in the
second light cycle for both z2 and z3 (Fig. 4F).
Mean extracted chlorophyll a concentrations per cell were not significantly different
between the initial inoculum (15.8 pg chl a cell-1) and values at z4 after 48 h (15.1 pg chl a cell-1,
p = 0.719). Additionally, chlorophyll concentrations after 48 h were not significantly different
between cells at z1 (12.0 pg chl a cell-1) and z4 (p = 0.278). However, there was a significant
difference between chlorophyll a concentrations between the initial inoculum and z1 after 48 h
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(p < 0.005; Fig. 6C). Likewise, the mean PON concentration per cell was significantly greater at
both z1 (2.18 pM cell-1, p < 0.001) and z4 after 48 h (2.86 pM cell-1, p < 0.001) compared to the
initial inoculum (0.20 pM cell-1; Fig. 7C). There was also a significant difference between PON
concentrations in cells at z1 and z4 after 48 h (p < 0.05).
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DISCUSSION
Karenia brevis DVM
The WFS is an oligotrophic system characterized by low N:P ratios of inorganic nutrients
(Walsh et al. 2006, Vargo et al. 2008, Waters et al. 2015), where stratification during summer
and winter seasons controls the separation of surface and bottom Ekman layers (Liu &
Weisberg 2012, Weisberg et al. 2014). The experimental column therefore served as a model of
the WFS environment, with respect to light, nutrients, and temperature-driven stratification that
Karenia brevis may encounter during a DVM cycle. Although the depth of the column was a
fraction of the depths found on the WFS, and changes in stratification occurred over 10 cm
instead of meters, the column offered an opportunity to observe, under controlled conditions, the
migration of K. brevis at multiple depths and at high-resolution time intervals (5 s) over 48 hours.
Results demonstrated a clear DVM behavior for K. brevis, where cells aggregated at the surface
during the light, and moved deeper during the dark. However, the rate and degree to which the
cells descended in the column varied with the degree and location of experimental
environmental conditions. The alteration and modification of DVM patterns presented here for
different experimental conditions may be used as a paradigm for natural populations of K. brevis
on the WFS.
Cell concentrations at the surface (z1) and at the bottom of the column (z4) changed by
up to 1 – 3 orders of magnitude between light/dark periods. In most instances during these
experiments, a clear downward migration could be followed except during the surface
ammonium replete conditions, when there was little change in cell concentrations between z2,
z3, and z4 depths during light/dark periods (Fig. 4). Although there was a downward migration in
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the dark phase under Bottom replete conditions, the migration intensity was appreciably less
compared to other conditions. The average swimming speed of K. brevis under culture
conditions has been reported as approximately 1 m h-1 (McKay et al. 2006, Heil 1986). Given
this swimming rate, cells would have the potential to travel the length of the 2 m column, from
the surface (z1) to the bottom (z4), in approximately two hours. Although the sinking velocity of
K. brevis cultures used in this study was not examined, other algal species with similar Surface
Area:Volume ratios as K. brevis, have sinking velocities of 1.86 m day-1 (Kamykowski et al.
1992). This suggests that under these experimental conditions the decrease in cell
concentrations at z1 and subsequent increases at z4 observed during the 12 h dark periods
(D1, D2) were not the result of sinking action alone. Furthermore, culture experiments by
Kamykowski et al. (1998) and Heil (1986) indicated that an increase in cell concentrations
observed at depth was the result of randomized swimming and dispersion, not migration.
However, the results presented here appear to be in contrast to the Heil (1986) and
Kamykowski et al. (1998) findings since random swimming could not result in the repeatable
light/dark cycle differences in the depth distribution of cells. Lastly, the maximum growth rate for
cultured K. brevis is relatively slow, 0.36 div day-1 (Magaña & Vilareal, 2006), and would account
for only 0.72 divisions over the study period. Therefore, it is unlikely that observed increases in
cell concentration at any depth was the result of population growth.
Although the experimental conditions (i.e., temperature, salinity, density), and the cell
growth phase and nutrient regimes of the K. brevis stock culture were uniform between
replicates, the DVM pattern results were variable. Natural variability in cell physiology could
explain, in part, the variability between replicates under the same environmental conditions. In
addition, some of the small-scale temporal fluctuations in fluorometric measurements at any one
depth (e.g., Fig. 4C, E) may not reflect the movement of a large number of cells in and out of a
particular depth layer, but may be microscale patchiness. Bioconvection of algae on microscales
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can create spatial and temporal patterns in cell concentrations (Bearon 2006a). Highly localized
concentrations may pass by the fluorescence sensors, causing a rapid spike or drop in voltage.
Furthermore, the cell densities are recorded at the four specific depths and do not integrate the
entire column, so proportions of the population occurring at different depths were not quantified.
The experiments were designed to allow for an uninterrupted 48 h time period, in which minimal
removal of water did not affect water chemistry or effect behavior. Unfortunately, the design did
not allow tracking the depth of all cells over the experimental period. Light levels at the bottom
of the column were approximately 3% of the surface irradiance values. Since the bottom depth
of the euphotic zone in the ocean is considered to be the depth of the 1% light level, cells could
photosynthesize throughout the column during light periods (Fig. 2). Thus, portions of the
population may have been residing at some intermediate depth between fluorescence sensors
at an optimal light level for photosynthesis, and were, therefore, under-quantified (Tilney et al.
2015).

Density Stratification Conditions
Blooms of K. brevis occur year round on the WFS, but most frequently occur during late
summer and early fall (Tester & Steidinger 1997). The vertical environment on the WFS during
this time can vary from well-mixed on the inner shelf to thermally stratified in deeper waters (Liu
& Weisberg 2012). Physical data from the ECOHAB: Karenia project, collected in 2009 at two
stations on the WFS (EK1009-1, EK1009-1F), show vertical structure and stability values similar
to both the Weakly and Strongly Stratified experimental conditions (Table 1). Thermoclines on
the WFS may occur over 2 – 4 m, whereas in this study they occur over 10 cm. Although the
vertical scale of processes in the experimental column is not the same as the natural
environment, the density stratification created in the column still serves as a good analogue to
natural conditions.
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Density stratification clearly affects the DVM patterns of K. brevis in the experimental
column (Fig. 4). DVM under the Weakly Stratified condition showed a pattern similar to the
Unstratified conditions at z1, z2, z3 and z4, except that the timing of peak intensities at z2 and
z3 in the experimental conditions occurred later (2 and 4 h lag) in the first and second light to
dark transition period (T1, T3) than in the Unstratified condition (Fig. 4A, 4D). In contrast, the
Strongly Stratified condition showed a higher concentration of cells at the surface (z1) during the
light periods and an even greater lag (5 and 8 h) in downward cell movement from z1 to z2 and
z3, which forces cell maxima at depth well into the D1 and D2 periods (Fig. 4D, 4E). Under the
Unstratified and Weakly Stratified conditions, cell densities increased at z4 during both dark
periods (Fig. 4D), whereas the cells in the Strongly Stratified condition show a complete
termination of migration to z4.
In the stratified experiments, temperature changes occurred between the upper and
lower column occurred between the z2 and z3 depths. Stability calculations (as Brunt-Väisälä
frequencies) indicate that the upper and lower half of the column were stable for each
experimental condition, respectively. However, the N2 values between the z2 and z3 depths
were the greatest, indicating an area of increased stability. This zone of increased stability is
associated with the thermocline and where the greatest lag was observed in the increases of
cell concentrations at z2 and z3. The change in stability from the upper, middle and lower
column reflect similar changes found on the WFS under weak and strong stratification (Table 1).
Under the Weakly Stratified conditions, the downward migration of cells that encountered the
lower temperature and change in density were slowed, which is evident in the lad in the z2 and
then z3 peaks. The inhibition and cessation of cell migration into deeper waters (z4) in the
Strongly Stratified experiment during the dark periods could have resulted from decreased
swimming speeds due to even colder temperatures (3.7°C temp difference) (Heaney & Eppley
1981), than in the Weakly Stratified experiments (Fig. 4E). This effect was also observed in both
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the downward (T1) and upward (T2) migrations. With respect to this experimental column,
Karenia swimming speeds of 0.15 m h-1 represent the minimum speed required to travel the
entire depth of the column, either toward to the surface or bottom, within a 12 hour period. In the
Strongly Stratified condition, the decrease in temperature from 23.7° C (z2) to 24.4° C (z4) is
marked by an order of magnitude difference in N2 values, which could indicate a density
threshold at which K. brevis swimming speeds were reduced to a rate less than 0.15 m h-1, a
slower speed than would allow cells to travel the 1.8 m to reach z4 during the dark phase.
Results from other publications support these findings. Laboratory experiments conducted by
Kamykowski (1981) on multiple dinoflagellate species showed that swimming was inhibited
when cells entered a halocline. Additionally, Therese & Carlson (2009) reported that three
species of dinoflagellates had different responses and changes in swimming speeds when
encountering a halocline. The decrease in swimming speeds when entering an area of
increased stability, such as a halocline, is likely due to increased cell energy expenditures to
compensate for an increase in buoyancy forces against the cell (Erga et al. 2003, Hall et al.
2015). Although there was no halocline in this study, the buoyancy changes due to the changes
in temperature is equivalent and likely a cause for the slowing swimming rates, during both the
ascending and descending Karenia migration.

Surface and Bottom Replete Conditions
The WFS is generally considered to be oligotrophic with low dissolved inorganic
nutrients (Waters et al. 2015). The experimental conditions where ammonium was introduced
at the surface or at depth are plausible representations of conditions on the WFS as: 1) nutrientrich deep waters from the Gulf of Mexico are routinely upwelled onto the shelf (Walsh et al.
2003), and 2) bioavailable N is released in surface waters from the diazotrophic
cyanobacterium, Trichodesmium spp. (Mulholland et al. 2014), and/or from fish killed by K.
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brevis blooms (Walsh et al. 2006). Measured nutrients released from fish decay surpass the
calculated N and P requirements for an established Karenia bloom (Killberg-Thoreson et al.
2014b). Ammonium concentrations (1.00 ± 0.69 µM NH4+) for the experimental depleted water
were higher than values typically reported for the WFS (0.17 – 0.28 µM NH4+; Dixon et al.
2014a), but the addition of 7.17 µM of NH4+ fell well within the range of calculated release from
dead fish (Killberg-Thoreson et al. 2014a). Ammonium was selected as the enriched nutrient due
to the high uptake affinity that K. brevis has for nitrogen, and because NH4+ is the largest
byproduct released by decaying fish (Killberg-Thoreson et al. 2014a, Killberg-Thoreson et al.
2014b). One caveat is that K. brevis can utilize a variety of nitrogen forms (Vargo et al. 2008,
Bronk et al. 2014). Recycled nutrients in the column could affect the experimental nutrient
regime, and therefore could be another source of variability in the observed migration patterns.
DVM in K. brevis offers a competitive advantage as populations are able to access nutrients at
both the surface (Killberg-Thoreson et al. 2014a) and at depth, including the seafloor, in
shallower regions. Although the seafloor in shallow regions may be within the euphotic zone, K.
brevis cells have been observed to still undergo DVM to optimize light and, therefore, maximize
photosynthesis in both modeled and field observations (Stumpf et al. 2008, Kamykowski et al.
1998)
The addition of the ammonium nutrient source at either the surface or the bottom depth
did appear to cause a clear modification in DVM patterns, where cell concentrations appeared
to be uniform and where little change occurred at z2, z2, and z4 over the 48 h period. The
Surface and Bottom Replete experiments (Fig. 4B, 4C) showed virtually no change in cell
concentrations at z4 during the light/dark periods when compared to the migration observed in
the Unstratified experiments (Fig. 4A). Instead, cell concentrations at all depths remained about
500 – 1000 cells mL-1 for the first 24 h of the experimental period. Under the Bottom Replete
conditions, the decrease in cell concentrations at z4 in the L1 time period may have been an
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artifact of the injection process, where nutrient replete water devoid of cells was slowly injected
during the first 1 – 3 hrs of the experiment at the location of the z4 sensor. The migration
patterns observed during the Surface and Bottom replete condition experiments suggest a
proportion of the inoculum cells remained at z4 regardless of the light phase. Interestingly, there
appears to be a slight increase in cell concentrations at z4 in the L1 and L2 periods under the
Surface Replete condition, implying some portion of the inoculum migrates to depth even when
a nutrient source was injected at the surface (Fig. 4C).
During all nutrient experimental conditions, the high NH4+ concentrations at the point of
injection (surface or bottom) had greatly decreased by 24 h (Fig. 5). Because there was no
resultant increase of NH4+ at the remaining three depths during the experimental periods, and
because the calculated Re numbers for injected fluids was low, it is unlikely that the injected
nutrients were mixing uniformly in the column. Results of the PON analyses show that cells
collected at 48 h were significantly enriched in N when compared to the inoculum (Fig. 7). The
fact that the nitrogen content of cells significantly increased during the same time period as
NH4+ declined indicates that cell uptake of NH4+ was rapid and likely responsible for the
observed NH4+decline. Yet there was no significant difference in N cell-1 between z1 and z4 after
the 48 period for all nutrient conditions. Mean absolute uptake rates of K. brevis in coastal
waters under bloom conditions (47 x 103 – 680 x 103 cells L-1) were calculated to be 0.7 µmol-N
L-1 h-1 (Bronk et al. 2014). Cell concentrations at the site of injection during the injection process
(600 x 103 – 800 x 103 cell L-1) were greater than that measured in the Bronk (2014) study.
However, at the reported N uptake rate, 1 L of injected replete water (7.17 µM NH4+) could have
been taken up within 10 h of injection. In the context of this study, it appears that individuals
migrate throughout the column within the first 24 h of N enrichment. Thus, the critical time frame
for cell migration in response to the new N source was during the first 24 h. Hence, sampling for
cellular chlorophyll a and N at 48 h could not capture a rapid cellular response to the nutrient
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injections. Some dinoflagellate species have been reported to undergo DVM independent of
light and have been observed to migrate before the onset of the light/dark changes
(Roenneberg et al. 1989, Tilney et al. 2015). The experimental samples may have captured
cells in movement where a mixture of enriched and depleted cells existed. The replete
conditions created for this study were from a short pulse addition of NH4+, where a more likely
situation on the WFS when blooms occur might be a more constant injection of new N at the
surface from fish decay and estuarine flow, or bottom water intrusion.
In contrast, the injection of the nutrient replete source did not change cellular chlorophyll
a content after 48 h for either the Surface or Bottom replete conditions, as concentrations per
cell were not significantly different between the initial inoculum and final concentrations. These
results are in agreement with the work by Heil et al. (2014a) where field populations of K. brevis
showed no significant difference in chlorophyll a between surface aggregations (0 – 5 cm deep)
and populations collected up to 1 m below the surface. Previous work has shown that N-starved
diatom species will increase chlorophyll a content within 24 h after exposure to an N source in
laboratory studies (Zhao et al. 2015). The freshwater alga Parietochloris incisa was shown to
fully recover cellular chlorophyll a in laboratory experiments after 14-16 d of the reintroduction of
N (Merzlay et al. 2007). However, N-depletion was achieved over a 60 d period, whereas in the
present study N starvation occurred over 4 d. It is possible that the short time of N-depletion and
recovery were insufficient to elicit a measurable response during this experiment. The temporal
response in cell content and behavior of K. brevis to nutrient stress is a potential avenue of
research for future investigation.
Cellular N may serve as a physiological cue for the rate and intensity of DVM in some
phytoplankton species. In similarly designed laboratory column experiments, the dinoflagellate
Alexandrium tamerense exhibited a more intense DVM pattern only when N became more
depleted throughout the experimental column (MacIntyre et al. 1997). In these experiments
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under more N replete conditions, a typical DVM pattern was observed. It was only when N was
added to the column that the population’s DVM was modified and their migration to depth in
dark periods halted. Subsequently, after the addition of the N source to the surface, DVM was
not observed and a majority of the population resided at the surface. In my study presented
here, a similar pattern was observed over 48 h under the Surface Replete conditions, where
peak intensities at z1 were greater in the L2 period, when the added nutrient source had
declined, compared to the L1 period. After exhausting the injected N-replete water at the
surface sometime within the first 24 h, a proportion of the cells appeared to resume migration
back to the surface during the L2 period. However return to a typical DVM pattern was not fully
resolved as portions of the population remained at z2, z3 and particularly z4 during the same
period, and remained constant during the following D2 period. Cellular N may not be the only
cellular cue for migration. Carbon concentrations in cells have been shown to be a driver in
DVM where cells poor in C migrate to the surface to optimize light exposure (Schaeffer et al.
2009). Additionally, the location of concentrations of photosynthate and products from carbon
fixation within dinoflagellate cells may also alter the orientation of cells, thereby impacting
geotaxis and ultimately the direction of migration (Cullen et al. 1985, Kamykowski et al. 1998).
On the other hand, observations of low lipid content of K. brevis cells located at the surface of
mesocosms suggested that lipid concentrations did not influence migration behavior (Schaeffer
et al. 2009).
The presence/absence of other dissolved nutrients and cellular requirements for those
nutrients also may have contributed to the variability of DVM of cells during the experiments
since only ammonium was considered for this study. The NSW used for the study was collected
from the WFS, where inorganic N and P are generally low (Vargo et al. 2008; Dixon et al.
2014a). It is possible that the observed N-enrichment of cells in the experiments occurred with
low concentrations a concomitant P source (0.83 µM PO4), so that intracellular N:P ratios
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increased. Since adenosine triphosphate is necessary for flagellar movement in phytoplankton
(Mckay et al. 2006), alterations in cellular N:P ratios may have had an effect on swimming
behavior of K. brevis during the dark periods compared to the DVM of cells in the Unstratified
condition which were not N enriched.
The limited change in cell concentrations at z4 during all periods of the N replete
experiments remains enigmatic. Recent research has provided ample evidence that K. brevis
undergoes unequal division where one daughter cell is N-enriched and carbon (C)-poor, while
the other is C-enriched and N-poor. This unequal division alters the cellular requirements for the
daughter cells and, therefore, the DVM behavior of individuals (Kamykowski et al. 1998, Heil
1986). In laboratory experiments, cells enriched in N and poor in C migrate to the surface to
become enriched in C from increased photosynthesis, whereas the cells poor in N migrate to
the bottom to enrich in N (Kamykowski et al. 1998). In the context of the replete condition
experiments, cells densities at z4 could be the result of this unequal division in which the Ndepleted inoculum contained two cell types with different nutrient stresses and after addition to
the column, created two populations at different depths (Fig. 4B, 4C). This scenario is absent in
the Unstratified and two stratified conditions perhaps because the stock culture was not Nstarved prior to inoculation, as it was for nutrient experiments. The Heil (1986) laboratory study
also indicated that cells at the bottom of a 1.3 m column occurred more frequently in mitosis
compared to cells at the surface, denoting a possible differential migration of cells in various
stages of mitosis. Van Dolah (1999) proposed that if a photosynthate requirement for K. brevis
cultures was not met, it inhibited their entry into S-phase of mitosis. With the addition of an Nstarved inoculum, as in this study, photosynthesis may have been nutrient-limited such that
much of the population did not undergo cell division for one or two diel cycles. In this scenario,
cells would not migrate differentially according to their mitotic state and remain at one depth.
The limited change in cell concentrations at depth during the 48 h and the lack of clear DVM,
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could possibly be the result of limited cellular division due to the lack of nutrients prior to
inoculation. Under these circumstances in a natural bloom environment where upper and lower
water masses advect in different directions, transported populations could contain individuals of
the same bloom, but with different physiological states. This could have significant
repercussions on local bloom development, maintenance, and termination.

Density Stratified and Bottom Replete
The presence and intensity of a thermocline, and the presence of a surface or bottom
nutrient source are not mutually exclusive. The conditions under the Weakly Stratified / Bottom
Replete environments most closely parallel the natural conditions on the WFS, where slightly
colder nutrient-rich water is upwelled onto the shelf (Walsh et al. 2003, Weisberg et al. 2014;
Fig. 4). The DVM pattern observed during the Weakly Stratified / Bottom Replete experiments
most closely resembled that of the Weakly Stratified condition, where concentrations increased
at the surface during the light periods, and there was a lag for peak concentrations at z2 and z3.
Although a similar pattern was observed at z1 between the Bottom Replete and Weakly
Stratified / Bottom Replete, the remaining depths varied between experiments.
Clearly the presence of a density stratification had a greater effect on modulating DVM
than the introduction of a nutrient source in the combined experiment, since DVM behavior
patterns observed during the Weakly Stratified / Bottom Replete experiments matched most
closely to the Weakly Stratified condition. Although changes in the physical environment have
been shown to alter migrations patterns in these experiments, it is possible that cell response to
injected nutrients was muted by their response to stratification. Modeled experiments have
shown that vertical migration of K. brevis becomes increasing less important as aggregations
move from the offshore to the nearshore environment, possibly because this is where
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stratification is less likely to occur (Sinclair & Kamykowski 2006). As a bloom moves shoreward,
impacts of changing nutrient regimes may have a greater effect on DVM, especially since
nutrient release from dead fish and estuarine nutrient flows, which may maintain K. brevis
blooms, are more likely to occur near surface closer to shore (Heil et al. 2014a).
Changes in cellular chlorophyll a and N concentrations under the combined
environmental condition were similar to the results of the two replete conditions, except there
was a significant decrease in cellular chlorophyll a concentration between the initial inoculum
and after 48 h at z1 under the Weakly Stratified / Bottom Replete conditions. Likewise, cells
collected at z4 were significant more enriched in N than cells collected at z1 after 48 h. Since N
is a physiological requirement for photosynthesis, this may be the result of the surface
population’s inability to access the N source as efficiently. This implies that cells that migrated
to, or perhaps resided at, the z4 depth became more enriched with N compared to cells at z1,
and did not migrate to the surface. However, the presence of the density stratification, which
clearly altered the rate of migration, also may have altered the DVM behavior of cells of different
N content and, thus, their position in the column over a 48 h period.
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CONCLUSIONS
The results from this study provide further evidence that K. brevis undergoes DVM, in
which cells migrate to surface waters during light hours and migrate to depth during dark hours.
The extent to which physical and chemical conditions modulated cell migratory behavior was
variable. Injections of a nutrient replete source did not appear to influence migration patterns of
the nutrient-depleted cells as strongly as expected, as even after the injection of nutrients some
proportion of the cells remained in the bottom depth of the column. It is likely that NH4+ uptake
by cells was relatively rapid and that cell migrated between depths during the light periods as
Karenia at the surface and bottom showed evidence of N-uptake (cellular increase in N) by
48 h. The presence of a weak density stratification caused a delay in downward migration
during the light-dark transition period, and a greatly reduced downward migration under the
Strong Stratified conditions. In the experimental column there appears to be a density
stratification threshold below which downward migration still occurs, but cells cannot reach
depths of 1.8 m within one DVM cycle. Decreased seawater temperature, as well as buoyancy
forces associated with changes in density stratification, slow cell swimming speeds.
The timing and intensity of the observed DVM patterns in this study have far reaching
implications. The natural swimming behavior of K. brevis may redistribute portions of the
population into different depths and current regimes, with significant consequences for sampling
and monitoring efforts (Stumpf et al. 2008). The slowing or termination of the population’s
movement into deeper waters can have major effects on overall bloom transport and on models
used to predict movements. DVM patterns of K. brevis may become increasingly important
when considering seasonal currents and water column convection patterns. During fall months,
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surface waters are typically dominated by offshore advection, while bottom waters are
dominated by shoreward advection (Liu & Weisberg 2012). Generally as cells migrate from the
near surface to depth, an entrainment process may be created where individuals migrating to
the surface are advected offshore during the day and shoreward at night, thereby increasing the
blooms residence time in the area and improving bloom maintenance (Ruiz-de la Torre 2013).
However, if water becomes stratified and the downward migration inhibited, the entrainment
scenario could potentially break down and transport the population offshore. Moreover, as
prevailing currents shift seasonally (Liu & Weisberg 2012), the timing of bloom formation with
respect to the intensity of migration may have important impacts on the transport and
distribution of the bloom on the WFS. Thus, understanding the behavior of these dinoflagellate
cells in the context of water column dynamics and bloom transport is crucial to predicting and
mitigating the effects of K. brevis blooms.
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APPENDIX 1
Appendix 1: Replicate Plots

Figure A-1. Karenia brevis cell concentration express as cell mL-1 at z1 (solid gray), z2 (dotted gray), z3
(dotted black) and z4 (solid black) under unstratified conditions (A), weakly stratified and
bottom replete (B) over a 48 h period. Grouped plots represent replicate experiments under identical
conditions. The * denotes which plot is presented in body of work. Gray boxes indicate dark hours.
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Figure A-2. Karenia brevis cell concentration express as cell mL-1 at z1 (solid gray), z2 (dotted gray), z3
(dotted black) and z4 (solid black) under weakly stratified conditions (A), and strongly stratified conditions
(B) over a 48 h period. Grouped plots represent replicate experiments under identical conditions.
The * denotes which plot is presented in body of work. Gray boxes indicate dark hours.
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Figure A-3. Karenia brevis cell concentration express as cell mL-1 at z1 (solid gray), z2 (dotted gray), z3
(dotted black) and z4 (solid black) under bottom replete conditions (A), and surface replete conditions (B)
over a 48 h period. Grouped plots represent replicate experiments under identical conditions.
The * denotes which plot is presented in body of work. Gray boxes indicate dark hours.

49

